Respiratory Syncytial Virus (RSV) is a leading cause of severe respiratory disease in infants and the elderly. No vaccine is presently available to address this major unmet medical need. We generated a new genetic vaccine based on chimpanzee Adenovirus (PanAd3-RSV) and Modified Vaccinia Ankara RSV (MVA-RSV) encoding the F, N, and M2-1 proteins of RSV, for the induction of neutralizing antibodies and broad cellular immunity. Because RSV infection is restricted to the respiratory tract, we compared intranasal (IN) and intramuscular (M) administration for safety, immunogenicity, and efficacy in different species. A single IN or IM vaccination completely protected BALB/c mice and cotton rats against RSV replication in the lungs. However, only IN administration could prevent infection in the upper respiratory tract. IM vaccination with MVA-RSV also protected cotton rats from lower respiratory tract infection in the absence of detectable neutralizing antibodies. Heterologous prime boost with PanAd3-RSV and MVA-RSV elicited high neutralizing antibody titers and broad T-cell responses in nonhuman primates. In addition, animals primed in the nose developed mucosal IgA against the F protein. In conclusion, we have shown that our vectored RSV vaccine induces potent cellular and humoral responses in a primate model, providing strong support for clinical testing.
INTRODUCTION
Human respiratory syncytial virus (HRSV) is a highly infectious member of the Paramyxoviridae family causing upper and lower respiratory tract infections in humans. Respiratory syncytial virus (RSV) infection in children causes ~12 million severe and 3 million very severe cases of lower respiratory tract infection (LRTI) worldwide. 1 RSV infection is also recognized as a significant problem in older adults. Epidemiological evidence indicates that the impact of RSV in the elderly may be similar to nonpandemic influenza. 2 No effective treatment is available and the only preventative measure is a humanized monoclonal antibody specific to the RSV fusion (F) protein (Palivizumab) administered as monthly injections during the RSV season to prevent lower respiratory infections and severe disease in high-risk infants. However, it does not prevent infection of the upper respiratory tract and is not recommended for use in healthy infants or the elderly. 3 In addition, because of the high costs, Palivizumab is not extensively used worldwide. A major barrier to pediatric vaccine development has been the occurrence of enhanced respiratory disease (ERD) seen following natural RSV infection of naive infants that had been vaccinated earlier with a poorly protective formalin-inactivated RSV (FI-RSV). 4, 5 Although the mechanisms responsible for FI-RSV induced ERD are not clear, the most prevalent hypotheses, based mainly on preclinical data, are that FI-RSV induced antibodies with poor functional activity resulting in immune complex deposition and complement activation in the lungs, and/or induced Th2-biased T-cells. 6, 7 Based on the current knowledge, an RSV vaccine for infants would ideally induce: (i) neutralizing antibodies against the F protein for protection against lung infection 8 ; (ii) a Th1-biased cellular immunity to contribute to virus clearance and to prevent ERD 9 ; and (iii) mucosal immunity (IgA, IgG, and T-cells) to protect at the portal of virus entry. 10 Clinical manifestation of RSV disease and the immune response to infection differ in infants and the elderly, suggesting that vaccines designed to protect these populations may require different attributes. Low levels of RSV-specific nasal IgA against F and G proteins were found to be a significant risk factor for RSV infection in adults 10 and increasing evidence suggests that deficient RSV-specific T-cell responses contribute to susceptibility to severe RSV disease in older adults. 11, 12 Therefore, a protective vaccine for the elderly should primarily aim at increasing mucosal IgA and cellular immune responses.
Genetic vaccine approaches and, in particular, those based on replication deficient Adenovirus vectors can address all of these needs. 13 So far, Adeno-vectored vaccines against HRSV have been mainly investigated in mice or cotton rats. Replication defective Adenovirus serotype 5 (Ad5) expressing the RSV F protein administered intramuscularly (IM) or intranasally (IN) or by a mixed modality of IM prime/ IN boost has provided protection from RSV challenge in mice 14, 15 and cotton rats. 16 Similarly, a gorilladerived Adeno vector expressing the RSV F protein has been recently reported to be protective in mice and cotton rats after IM vaccination. 17 We have generated a new RSV vaccine candidate consisting of a synthetic, consensus-based sequence encoding a soluble F protein for the induction of neutralizing antibodies and the conserved N and M2-1 internal proteins, for the induction of a broader T-cell repertoire. 18 This antigen was inserted in a replication incompetent chimpanzee Adenovirus (PanAd3), which is insensitive to pre-existing antiadenovirus antibodies present in the human population, 19 and in Modified Vaccinia Ankara (MVA). We show here that a single IN or IM administration of PanAd3-RSV completely protected mice against RSV replication in the lungs and a single IN administration in cotton rats resulted in complete protective efficacy in the upper and in the lower respiratory tract for at least 3 months after vaccination without signs of enhanced pulmonary pathology. We also show that IM administration of a MVA vector encoding the same RSV antigen protects cotton rats from LRTI in the absence of neutralizing antibodies and without potentiation of pulmonary pathology.
An improved regimen based on heterologous prime/boost with PanAd3 administered IN or IM and MVA injected IM was also tested in nonhuman primates (NHP). Vaccinated macaques exhibited strong and Th1 biased T-cell responses which were directed against all the vaccine antigens, and neutralizing antibody titers greater than the previously reported threshold for protection of infants. 20 Moreover, IN vaccination elicited mucosal IgA.
These preclinical data strongly support the clinical development of the vectored vaccine and suggest that different combinations of routes and regimens can be exploited for the development of RSV vaccines for the pediatric and the elderly populations.
ReSUlTS
Vaccine antigen structure, expression and vectored delivery We designed a synthetic HRSV antigen composed of three viral proteins: F, N, and M2-1 (F0ΔTM-N-M2-1), which were encoded by a single open reading frame with a self-cleaving Foot and Mouth Disease virus 2A sequence 21 between F and N sequences. A short sequence encoding a flexible linker was inserted between the N and the M2-1 sequences to facilitate folding (Figure 1a) . The transmembrane and cytoplasmic regions of the F protein were deleted for efficient secretion of a soluble form of the F protein. The synthetic gene was codon-optimized for expression in human cells. Mature N-M2-1 fusion protein was detected by Western blot (WB) in cell lysates of DNA transfected HeLa cells (Figure 1b) . The high molecular weight precursor F-N-M2-1 was barely detectable indicating efficient 2A-driven self-processing. Consistent with this observation, the soluble F protein was found in the medium of transfected cells with an apparent molecular weight of ~170 kDa on a nonreducing SDS-PAGE gel, compatible with F protein trimers, and was recognized by the conformation sensitive neutralizing antibody mAb 13 (ref. 22) (Figure 1c ). When the soluble F protein was run on a reducing SDS-PAGE, two fragments were revealed consistent with the size of F1 and F2, indicating that the protein was correctly processed at the furin-cleavage sites (see Supplementary Figure S1 ).
The F0ΔTM-N-M2-1 RSV vaccine antigen was inserted into two different recombinant viral vectors: a replication-defective chimpanzee Adenovirus, PanAd3 (PanAd3-RSV) and a replication-defective poxvirus, Modified Vaccinia Ankara RSV (MVA-RSV).
PanAd3-RSV is immunogenic and protects BALB/c mice against HRSV infection To test the immunological potency of the novel RSV vectored vaccines a dose-response immunization study with PanAd3-RSV was conducted in BALB/c mice (Figure 2a ). T-cell responses were Figure S2 ). The PanAd3-RSV vector showed strong T-cell responses over a wide range of doses, with 5 out 14 mice vaccinated with 10 6 viral particles (vp) still having RSV epitope-specific responses above the background.
Because IN delivery can induce local immunity in the respiratory tract at the portal of virus entry, 23 (Figure 3a) . Importantly, none of the vaccinated animals showed eosinophils (Figure 3c ) or increased number of leukocytes in bronchoalveolar lavages (BAL) compared with HRSV-infected, unvaccinated controls ( Figure 3b ). As expected, low levels of RSV-specific serum IgG were detected in both vaccinated groups at the day of the challenge, and levels of neutralizing antibodies were below the limit of detection in IM vaccinated mice and were log 2 4 in IN vaccinated mice (Figure 3d ). Following the high dose challenge, all mice lost weight following RSV infection; however, the onset of weight loss was more rapid in vaccinated mice than in controls and less pronounced in IN than in IM vaccinated mice (Figure 3e ). IN delivery also showed a better efficacy profile also in terms of lung pathology relative to IM vaccinated mice. In fact, IM delivery induced higher scores of alveolitis (A) compared to either IN vaccinated mice or control animals ( Figure 3f) .
A dose-response immunization was also conducted in BALB/c mice to characterize the immunogenicity of the MVA-RSV vector after a single IM injection. The results showed that this vector was also able to induce potent cellular immunity (Figure 2b ). However, neutralizing antibodies were not detected in sera from vaccinated mice (data not shown).
PanAd3-RSV induces safe and durable protective efficacy in cotton rats The cotton rat model is considered to be informative for the safety and efficacy profile of HRSV vaccines because (i) the animals can be infected with clinical isolates of HRSV; (ii) the virus replicates in both the upper and lower respiratory tract; and (iii) vaccination with FI-RSV vaccine primes for ERD-like hallmarks, such as alveolitis, following RSV challenge. 24 Groups of cotton rats were immunized with single IN administrations of 10 7 pfu MVA-RSV IM. All groups were challenged IN with RSV, 7 weeks after vaccination. Control groups included unvaccinated animals, a group earlier infected with RSV and a group vaccinated with FI-RSV as an internal control for enhanced pulmonary pathology. All animals vaccinated IM with PanAd3-RSV developed good levels of neutralizing antibodies (nAbs = Log 2 6-7), comparable to those induced by an earlier RSV infection ( Figure 4a ). As observed in BALB/c mice, IN vaccination elicited higher titers of nAbs (Log 2 8-9) respect to IM vaccination at the same dose. In contrast, none of the animals vaccinated with MVA-RSV showed detectable levels of neutralizing antibodies 7 weeks after vaccination. As shown in Figure 4b , all vaccinated animals except one outlier in the group receiving the lowest dose IN were fully protected against viral replication in the lung. In addition, mucosal vaccination with PanAd3-RSV at doses of 10 8 and 5 × 10 8 effectively blocked RSV replication in the upper respiratory tract (Figure 4b ), In contrast, although systemic vaccination strongly reduced viral replication in the nose, it did not achieve complete protection even at high doses. These data support the importance of mucosal immunity in preventing RSV infection. Interestingly, a single IM dose of MVA-RSV was also fully protective in the lung, despite the lack of induction of circulating neutralizing antibodies, suggesting a role for other immune effector mechanisms in MVA-mediated protection. We further explored the durability of the protective efficacy given by the single IN dose of 5 × 10 8 vp PanAd3-RSV. Three groups of cotton rats were vaccinated IN with PanAd3 and challenged 3, 7, or 12 weeks after vaccination. All animals were fully protected from infection in the upper and lower respiratory tract and showed quite stable neutralizing antibody titers over the whole observation period (Figure 4c ). As expected, RSV infection in FI-RSV vaccinated cotton PanAd3-RSV prime/MVA boost induces strong B-and T-cell responses in CD1 mice Outbred CD1 mice were used to test the immunological potency of various combinations of PanAd3 prime/MVA boost regimens as they are genetically heterogeneous and therefore represent a better model than inbred mice for human MHC heterogeneity. CD1 mice were administered IN or IM with 10 8 vp of PanAd3-RSV, followed by IM boosting with 10 7 pfu of MVA-RSV, 4 weeks later. Spleen and lung RSV-specific T lymphocytes were analyzed 3 weeks after the boost by IFN-γ ELISpot. Both regimens induced broad and potent IFN-γ T-cell responses which recognized all three RSV vaccine antigens to varying extents (Figure 5a,b) . Pulmonary RSV-specific T-cells producing IL-4, which have been correlated with enhanced disease in animal models and in humans, 6 were not detected in the lung of PanAd3-RSV/MVA-RSV immunized animals, indicating that the response was skewed toward a Th1 phenotype (Figure 5a ).
Higher anti-F IgG titers were induced by IN PanAd3-RSV prime, but overall the levels of neutralizing antibodies were comparably high (up to log 2 12) in both prime/boost regimens ( Figure 5c ). Furthermore, a competition assay showed that antibodies induced by vaccination with PanAd3-RSV IN/MVA-RSV IM were able to compete with Palivizumab, thus binding antigenic site II or overlapping epitopes ( Figure 5d ).
In conclusion, PanAd3/MVA induced potent humoral and cellular immunity in CD1 mice.
Heterologous prime/boost regimens are immunogenic in NHP Data gathered in the different rodent models strongly supported the IN route as an immunogenic, protective, and safe route for the vectored RSV vaccine. However, it is generally recognized that genetic vaccines are often less effective in large animals than in rodents. 25 Therefore, the immunogenicity of prime/boost vaccine regimens was explored in primates, which are a more relevant model for the development of a human vaccine. A crucial aspect of IN administration is the modality of vaccine delivery into the nasal cavity. Two different IN delivery systems were explored: instillation and IN spray. The spray device (Accuspray system, Becton Dickinson, Franklin Lakes, NJ) was chosen because it generates an aerosol of an average drop size of 30 µm, to limit penetration into the lower respiratory Limit of detection (LOD) for both assays is indicated by dashed lines; (e) Groups of five mice were vaccinated and challenged as described earlier and their body weight monitored for 12 days after challenge. Data are expressed as the percentage of weight loss compared to initial weight, and are presented as mean and SD for each group; (f) Mean + SD of pathology score recorded in each experimental group for bronchiolitis (gray bars) and A (black bars). Bronchiolitis (thickness of cells surrounding the bronchiole or blood vessel) and A (number of inflammatory cells in the air spaces) were scored on a scale from 0 to 3, and multiplied by the proportion of lung section affected on a scale from 0 to 4, giving a maximum score of 36 per mouse lung for each of the two parameters. Mean + SD of pathology score recorded in each experimental group for bronchiolitis (gray bars) and A (black bars) are shown. Figure 6a , T-cell responses in the blood were higher in animals inoculated with the spray device than those inoculated by IN instillation. Therefore, this group of animals and the group that received the prime IM were boosted 8 weeks later by IM injection of 1 × 10 8 pfu of MVA-RSV. T-cell responses after vaccination were measured by IFN-γ and IL4 T-cell ELISpot (Figure 6b) . None of the animals had detectable RSV-specific T-cells at baseline, but all animals developed T-cell responses 2 weeks after prime and were effectively and potently boosted by MVA, with the IN/IM regimen showing higher peak levels of T-cell responses in peripheral blood mononuclear cells (PBMCs). IL4 secreting cells were detected after boost in both groups of vaccinated monkeys although they were more abundant in the IN/IM regimen. Overall, the RSV specific T-cell responses were skewed to a Th1 phenotype in both groups (Figure 6b ). T-cell responses were broadly distributed over the three proteins encoded by the vaccine, confirming that they represented a good source of T-cell epitopes independently of individual MHC haplotype (Figure 6c ). IFN-γ intracellular staining revealed that a large proportion of the RSV-specific T-cell response induced in the two groups of vaccinated animals consisted of CD4+ T-cells (Figure 6d ).
The number of circulating antibody secreting cells (ASCs) producing IgG or IgA specific for the 
DISCUSSION
Our strategy to develop an effective and safe candidate RSV vaccine was based on: (i) the design of a novel immunogen including B-and T-cell antigens; (ii) the choice of a validated vector delivery platform capable of eliciting humoral and cellular immunity in humans; and (iii) the demonstration of consistent immunogenicity, safety, and efficacy of different mucosal and systemic regimens of administration in rodents and NHPs.
The RSV F glycoprotein is a conserved target of nAbs, including Palivizumab (Synagis), which also contains human T-cell epitopes. The N and M2-1 internal proteins are highly conserved between RSV strains and are known to be a source of T-cell epitopes in humans. 18 We therefore designed an artificial fusion protein including an N-terminal F protein followed by a picorna virus 2A consensus cleavage sequence and by the N and M2-1 coding sequences separated by a flexible gly-ser linker to allow for proper independent folding of the two polypeptides. The intervening 2A sequence led to efficient cotranslational cleavage of the polyprotein releasing the F protein from the rest of the N-M2-1 fusion protein. Although we did not perform structural analysis on this product, three lines of evidence suggest that the soluble F protein adopted a properly folded postfusion conformation. First, the design of our vector-encoded F is equivalent to that described by Chaiwatpongsakorn et al. 27 who showed that a recombinant F, deleted of the transmembrane and cytoplasmic domains and produced in human HEK293 cells, self-assembles into soluble prefusion trimers that are metastable and can be easily triggered to a postfusion conformation. Second, on expression of the F-N-M2-1 polyprotein in human cells, the secreted F displays a migration pattern in PAGE electrophoresis consistent with the formation of homotrimers. Finally, conformation-sensitive antibodies specific for the native F protein (including Synagis) efficiently recognized the vector-expressed F. Based on this evidence, we concluded that the soluble F expressed by the vectored vaccine most probably contains antigenic sites I, II, and III, but we could not ascertain whether it contains the recently identified antigenic site Ø which is present only in the prefusion conformation. 28 We showed that both IN and IM delivery of the F-N-M2-1 antigen by a single administration of the replication incompetent chimpanzee Adenovirus PanAd3 or by PanAd3 prime/MVA boost induced high levels of RSV nAbs in all the animal species tested, apart from BALB/c mice. Acknowledging the fact that comparison of antibody levels among different labs deserves some caution, the neutralizing antibody titers induced in CD1 mice and cotton rats by F-N-M2-1 vectored delivery were comparable to those previously reported to be induced by recombinant protein or VLP in adjuvant, 29, 30 and three-to fivefold higher than those required for protective immunity in the cotton rat model. 31 In NHPs the genetic vaccine induced nAb titers of Log 2 ≥ 8, which are above the threshold of RSV nAb titres of Log 2 ≥ 6 that have been associated with a reduced risk of hospitalization in infants. 20 In addition to neutralizing antibodies, RSV-specific CTLs may also play a crucial role in protection from RSV disease as suggested by studies in infants where decreased frequencies of CD8+ T-cells correlated with increased severity of RSV disease 32 or by studies in which children with compromised cell-mediated immunity shed virus for a prolonged time and have increased disease. 33, 34 Furthermore, an age-related decline of RSV-specific cellular immunity has been described in older adults, 11,12 whereas a similar decline was not observed for influenza-specific T-cell responses. 35 These observations suggest that the elderly have a reduced capacity to generate or maintain RSV-specific T-cells and this defect may be correlated with their increased susceptibility to RSV disease. Therefore, boosting cellular immunity to RSV could be beneficial in reducing the burden of severe disease in the elderly.
We showed that the vectored RSV vaccine induced a broad, strong, and Th1-biased cellular immune response in all the animal species tested. A Th1-skewed T-cell response in BALB/c mice can prevent allergic inflammation and eosinophilia in the lung post-RSV challenge. 36 On the other hand, RSV-specific CTLs are known to contribute to immune-mediated pathology. In this inbred model, the immunodominant K d restricted M2-1 82-90 response has an extreme effector phenotype and can produce immunopathology when present at high frequencies. 37 Furthermore, the strong CD8+ response induced in BALB/c mice may be responsible for the low levels of F-specific and neutralizing antibodies. The rapid, but transient weight loss seen in vaccinated BALB/c mice in our studies and the increased lung pathology seen in IM vaccinated BALB/c mice are most likely because of a high titer virus inoculum encountering the strong M2-1 82-90 CD8+ response in the absence of neutralizing antibodies. To provide experimental support to our hypothesis further experiments are needed, such as a lower titer RSV challenge, or the introduction of mutations in the CTL epitope M2-1 82-90 as described by Vallbracht et al. 38 who showed significant reduction in weight loss after RSV infection without an impact on viral clearance.
In this study we demonstrated that vaccination of cotton rats with MVA-RSV by IM delivery was also completely protective in the lung, despite the absence of serum neutralizing antibodies; these animals had no signs of A or IP but showed higher scores of peri-bronchiolar infiltrates in the lung which could be interpreted as a consequence of the critical role played by cell mediated immunity in clearing the virus in the absence of nAbs. Overall, the protective immunity given by the vectored vaccines in the absence of neutralizing antibodies in the two rodent models of HRSV infection was not associated to enhanced lung pathology: in BALB/c mice the vaccine did not induce pulmonary eosinophilia after challenge and in cotton rats it was protective without inducing pulmonary pathology.
In contrast to BALB/c mice, PanAd3-RSV induced good levels of neutralizing antibodies even at low doses in cotton rats. All the tested doses and routes conferred full protection in the lung, with no associated pathology. An important role for mucosal immunity in protective efficacy from RSV infection emerged from the cotton rat challenge studies where only the animals that received PanAd3-RSV IN were completely protected against RSV infection in both the upper and the lower respiratory tract. Further experiments are needed to find the dose of vaccine conferring partial protection in the lung and to assess any associated pulmonary pathology. Nevertheless, to confirm and expand our notions on safety, immunogenicity, and efficacy of the vectored vaccine, studies are ongoing in a model of natural infection, such as young sero-negative calves.
Evidence from human clinical trials has shown that heterologous chimpanzee Adeno prime/MVA boost vaccine regimen induces potent, broad, and durable T-and B-cell immunity. 39 Here we demonstrate, consistently, that priming with PanAd3-RSV and boosting with MVA-RSV were very efficient at inducing high nAb titers as well as potent and broad RSV-specific T-cell responses in NHPs. T-cell responses were distributed over all vaccine antigens confirming that the strategy of including the conserved viral proteins N and M2-1 effectively augmented vaccine immunogenicity. Interestingly, the neutralizing antibody titers were similar between IM and IN vaccinated animals but only IN primed animals showed circulating RSV-specific IgA-secreting cells, suggesting that nasal delivery elicited mucosal immunity.
In conclusion, we have presented evidence that a new RSV antigen delivered by genetic vaccine vectors using a combination of routes and heterologous prime/boost regimen can induce a full array of immune responses that could address the different attributes required to protect infants and the elderly.
MATeRIAlS AND MeTHODS

Vaccine antigen
The human RSV expression cassette contained consensus sequences of F, N, and M2-1. HRSV F, N, and M2-1 sequences were downloaded from the NCBI database. Protein sequences were chosen among RSV subgroup A for F, N, and M2-1 proteins, and consensus sequences were derived by alignment using MUSCLE version 3.6 (refs. 40,41) of all nonidentical sequences and applying the majority rule (see Supplementary Figure S3 , S4, S5, and S6). The vaccine F protein lacked aa 525-574, which contains the transmembrane and intracellular regions. N and M2-1 sequences were spaced by a flexible linker (3GS3G). Consensus F0ΔTM, N, and M2-1 sequences were optimized for mammalian expression, including the addition of a Kozak sequence and codon usage optimization.
Adenovirus vector
Pan Adenovirus type 3 (PanAd3) was isolated from a stool specimen collected from a bonobo chimpanzee (Pan Paniscus). The PanAd3 isolate was amplified and the virus genome was then cloned in a plasmid vector and fully sequenced. The sequence analysis of the hexon region revealed a close relationship with species C human and chimpanzee adenovirus already used in preclinical and clinical trials (human Ad5, ChAd3). The E1 and E4 regions were deleted from the PanAd3 vector and the vector was propagated in PROCELL92 cells. An expression cassette based on human cytomegalovirus promoter with the TetO inserted downstream of the HCMV promoter TATA box, and bovine growth hormone polyadenylation signal was constructed to express RSV antigens and inserted into PanAd3 by replacing the E1 region. The expression cassette was first inserted into the mammalian expression vector pVJ generating the plasmid pVJ-RSV and then transferred by homologous recombination into the ΔE1ΔE4 preadeno plasmids.
Adenovirus particle production
The PanAd3 vector was produced in PROCELL92 cells, a HEK293-based cell line suitable for manufacturing developed at Okairos, Rome, Italy. PROCELL92 cells were derived from the HEK 293 cell line originally banked at the University of Leiden in 1973 and obtained from Graham et al. 42 at McMaster University (Hamilton, Canada), and further adapted at Okairos to be suitable for manufacturing by incorporation of a plasmid carrying a Tet repressor expression cassette and G418-resistance gene. The protocol for generating the PROCELL92 cell line followed essentially that published by Matthews et al. 43 In brief, HEK 293 cells were transfected with an expression vector containing a cassette encoding the Tet repressor under control of the human phosphoglycerate kinase-1 promoter, and the G418-resistance gene. Single clones were selected by growing the transfected cells in the presence of 1 mg/ml G418 in culture medium. Single clones were amplified and tested for Tet repressor expression by WB analysis. The stability of Tet repressor expression in the selected clone was tested up to passage 63. PanAd3 vectors grown in these cells were purified by cesium chloride gradients and stored in buffer A195. 44 
MVA vector
MVA, attenuated by ~500 passages in primary chick embryo fibroblasts (CEFs), 45 was used to create a recombinant MVA carrying the HRSV genes. The HRSV genes were subcloned into the TPG shuttle vector. 45 The so-generated transfer vector TPG-HRSV drives the HRSV antigen expression using the vaccinia P7.5 early/late promoter and enhanced green fluorescent protein (EGFP) expression using the synthetic promoter sP. The production of the recombinant virus was obtained by a previously described method 46 based on in vivo recombination between homologous sequences (FlankIII-1 and -2 regions) present in both the acceptor virus MVA-RED virus 46 and the plasmid transfer vector TPG-HRSV. Primary CEF cells were then infected/ transfected with MVA-Red, a recombinant MVA carrying the HcRED1.1 gene and with the TPG-HRSV plasmid. The virus-containing cell lysate derived from infection/transfection was diluted 1:100 and used to infect fresh CEF in the presence of 1 μmol/l cytochalasin D (Sigma-Aldrich, St. Louis, MO). Infected cells, collected 24 hours p.i. by trypsinization, were washed, and kept on ice. Green cells were either bulk-or single cell-sorted by a Becton Dickinson FACSVantage SE flow cytometer (Becton Dickinson, San José, CA). EGFP fluorescence (excited at 488 nm) was detected using a 530/30 nm bandpass filter. HcRed1-1 fluorescence (excited at 633 nm) was detected using a 660/20-nm bandpass filter. Sorted cells were seeded onto CEF monolayers in microplate cultures to produce virus-containing cell lysate. Finally, markerless recombinant viruses (rMVA-HRSV) were cloned by terminal dilution, screened by whole plate fluoroimaging (Typhoon FLA 9000, GE Healthcare, Uppsala, Sweden), cloned again by terminal dilution and expanded in CEF by conventional methods.
In vitro expression and WB
HeLa cells were transfected with 4 µg of pVJ-RSV plasmid using Lypofectamine (Invitrogen, CA). Extracts were prepared 48 hours after transfection using TEN buffer (20 mmol/l Tris pH 7.5, 150 mmol/l NaCl, 1 mmol/l EDTA pH 8, 1% Triton X100 and protease inhibitors). Nuclei and cell debris were spun out by centrifugation at 7,500×g, 60 minutes at 4°C. Glycerol was added to supernatants to 10% and stored at −20 °C. Expression of the antigen proteins in the cell extracts was assessed by running the samples in reducing SDS-PAGE and WB with the monoclonal antibody mAb 8, specific for the M2-1 protein. 22 Supernatants were collected 24 hours after infection. Expression of F protein was analyzed by running supernatant samples in nonreducing SDS-PAGE and WB with mAb 13, specific for the F protein. Immunogenicity studies in mice and macaques All experimental procedures were approved by institutional review boards and were performed in accordance with national and international laws and policies. The ethical committee of the Italian Ministry of Health approved this research. Animal handling procedures were performed under anesthesia and all efforts were made to reduce animal numbers and minimize suffering.
Six-week-old female BALB/c and CD1 mice were purchased from Charles River (Calco (Lecco), Italy). For IM immunizations, the intended dose of PanAd3-RSV or MVA-RVS vectors in a total volume of 100 µl was injected bilaterally in quadriceps muscles (50 µl/site). For IN administration, the intended dose of PanAd3-RSV in 20 µl volume was administered by delivering 10 µl in each nostril. Mice were euthanized after vaccination/challenge as specified in the figure legends to test immune responses. For experiments involving prime/boost, the two vaccinations were spaced 4 weeks apart, and mice were euthanized 3 weeks after boost. All manipulations were performed under isofluorane anesthesia. Splenocytes were isolated with standard techniques. To isolate infiltrating lymphocytes from the lungs of immunized mice, the organs were minced and incubated in DMEM/10% FBS with Collagenase Type I (210,000 U/mg, Gibco) for 60 minutes at 37 °C on an orbital shaker. All tissues were then homogenized, filtered through a sterile 70 µm Nylon cell strainer and lymphocytes were isolated by density gradient centrifugation (Ficoll-Paque). White cells were collected from the interface, and finally treated with ACK (#A10492, Gibco) to lyse red blood cells.
Female Cynomolgus macaques (Macaca fascicularis) from a purpose-bred colony housed at the IBCN primate facility (ENEA-Casaccia, Rome, Italy) were distributed in groups of three animals each, equivalent for mean body weight. During handling the animals were anesthetized by injection of 10 mg/kg ketamine hydrochloride. The injected dose was 5 × 10 10 vp for adenoviral vectors, and 2 × 10 8 pfu for MVA. IM vaccination was performed in the deltoid muscle in 0.5 ml volume. For IN immunization, the same PanAd3-RSV dose was suspended in 0.2 ml total volume and 0.1 ml volume were administered per nostril as either drops or sprayed using the Accuspray (Becton Dickinson) device. To administer the vaccine with Accuspray, manufacturer recommendations for correct head position and device angle were followed. Sedated animals were kept with their head upright, and the tip of the device was inserted in the nostril keeping the syringe as horizontal as possible to orient the spray cloud correctly toward the nasal cavity. Active inspiration is not required for correct nasal deposition, thus sedation does not interfere with correct vaccination procedure. After Accuspray actuation, the animals were observed for a few minutes, and no vaccine leakage was seen from nostrils. The animals were closely monitored in the following days, and no signs of nasal irritation or discharge were observed in the IN vaccinated animals. PBMCs were isolated at selected time points with standard techniques.
IFNγ and IL4 ELISPOT RSV-specific T-cells in mice splenocytes and pulmonary lymphocytes, or in macaque PBMC, were quantitated by a standard ELISpot assay exactly as described 47 using antibody pairs obtained from U-CyTech (Utrecht, the Netherlands) and overnight stimulation with either CD8+ immunodominant peptides (BALB/c) at final concentration of 1 µg/ml, or with overlapping 15mer peptide pools at a final concentration of 3 µg/ml of each single peptide.
IFNγ intracellular cytokine staining and FACS analysis
The contribution of CD4 and CD8 subsets to the overall IFNγ T-cell response was analyzed in macaque PBMC by IFNγ intracellular staining and FACS analysis exactly as described earlier. 47 Ex vivo F-specific IgG and IgA ASC ELISpot Multiscreen HTS MSIP4510 plates (Millipore, MA, United States) were preactivated with 50 µl/well of 70% ethanol, washed with sterile water, and coated overnight with either 500 ng/well of recombinant F protein (Sinobiologicals, Beijing, China) diluted in 50 mmol/l NaHCO 3 coating buffer, or with 150 ng/ well of anti-IgG or anti-IgA capture mAbs diluted in PBS as a positive control. After washing, five times with PBS, plates were blocked with R10 (RPMI, 10% FBS, 200 mmol/l L-Glutamine, 50µg/ml Streptomycin, 50U Penicillin, 1M HEPES) culture medium for 30 minutes at room temperature. Freshly isolated PBMC were plated in R10 at 500,000 and 250,000 cells/well in duplicate (250,000/well and 125,000/well for total IgA and IgG, respectively) and left overnight at 37°C, 5% CO 2 . Plates are developed by subsequent incubation with biotinylated anti-IgG and anti-IgA detection mAbs, followed by streptavidin-alkaline phosphatase conjugate and finally with BCIP/NBT-plus till distinct spots emerged. All antibodies and ELISpot reagents were from Mabtech, Sweden. Plates were analyzed by an A.EL.VIS automated plate reader and responses were expressed as the number of antigen-specific IgG or IgA ASC per million PMBCs.
Humoral response analysis in mice and macaque sera RSV-F protein-specific antibody levels were measured by enzyme-linked immunosorbent assay (ELISA). Nunc-MaxiSorp (SIGMA) 96-well plates were coated at 4°C overnight with 0.5 μg/100 μl of rF (Sinobiologicals) in 0.05 M NaHCO 3 buffer. Data are expressed as endpoint titers calculated from 1 hour absorbance readings, defined as the highest dilution of sample giving an OD 405 reading greater than three SD above the mean of preimmune samples. Levels of HRSV-specific IgG in mouse sera were determined using a lysate of HRSV A2 infected fetal calf kidney cells as described earlier. 48 A lysate of mock-infected cells was used as a control antigen.
Neutralizing antibody titers were measured by a FACS-based assay which relies on a recombinant RSV expressing GFP, 49 a generous gift from Prof. Mark E. Peeples, Nationwide Children's Hospital, Columbus, OH, United States. The assay was performed essentially as described earlier. 50 In brief, HEp-2 cells were plated (5 × 10 4 cells/100 μl each well) in 96-well plate(s) and incubated for 2 hours at 37 °C, 5% CO 2 . Serial dilutions of heat-inactivated sera were incubated with RSV expressing GFP (0.1 multiplicity of infection (MOI)) for 1 hour at 37 °C with 5% CO 2 in 100 ml DMEM 7% FCS and then added to the cells and left for 20-22 hours at 37 °C in 5% CO 2 . Palivizumab (Synagis 100 mg, Abbott, IL, US Cat. 131-026-19) was used as a positive control. Cells were detached by trypsin, collected in PBS containing 1% FBS and 1% formaldehyde and then fluorescence was read on a FACS Canto cytometer, BD, using FACS DiVa Software (Becton Dickinson). The percentage of fluorescent cells for each serum dilution was calculated with respect to the negative control (100% of infection). The EC50 was calculated by curve fitting and nonlinear regression analysis (GraphPad Prism, GraphPad Software, San Diego, CA). In vaccination and challenge studies in BALB/c mice, neutralizing antibody titers in heat-inactivated serum were determined by a plaque reduction assay using the HRSV, A2 strain and calculated using a 50% reduction of the virus control.
BALB/c challenge study Specific-pathogen-free, female BALB/c mice, weighing ~20 g were obtained from Charles River UK. Mice (N = 15/group) were vaccinated either IM with 5 × 10 8 vp of PanAd3-RSV in a volume of 50 μl, or PanAd3 expressing irrelevant antigens; or IN under isoflurane general anesthesia. Mice were bled from the tail vein, 2 and 4 weeks after vaccination and were challenged IN with 4 × 10 6 pfu of the A2 strain of HRSV, in a volume of 50 μl, under isoflurane general anesthesia, 4 weeks after vaccination. Groups of five mice were weighed daily for 12 days following HRSV challenge. Groups of five mice were sacrificed 5 days postchallenge, and HRSV titres in lung homogenates were determined by plaque assay on Vero cells. Further groups of five mice were sacrificed 6 days after challenge, and their lungs subjected to BAL with 1 ml of 12 mmol/l lidocaine in PBS, and then fixed in 10% buffered formalin. Cytocentrifuge preparations of BAL cells were stained with May-Grunwald Giemsa and differential cell counts of 300 cells per slide were made under oil immersion microscopy. Lung sections were stained with hematoxylin and eosin and histopathological lesions were scored as the sum of the scores for each of three different lung lobes/mouse. The extent of peribronchiolar and perivascular inflammation was scored on a scale from 0 to 3 depending on the thickness of cells surrounding the bronchiole or blood vessel multiplied by the proportion of lung section showing peribronchiolar inflammation on a scale from 0 to 4, giving a maximum bronchiolitis score of 36 for each mouse lung. The extent of A was scored on a scale of 0 to 3 depending on the number of inflammatory cells in the air spaces multiplied by the proportion of lung section with A on a scale from 0 to 4, giving a maximum A score of 36 for each mouse lung. 7 pfu or FI-RSV Lot#100 (1 : 125). Seven weeks after the vaccination, the animals were challenged IN with 100 μl HRSV/Long at 10 5 pfu per animal. Five days after challenge, the animals were euthanized, bled, and the nasal tissue and lung were harvested. Lungs were dissected and fixed with 10% neutral buffered formalin. Following fixation, the lungs were embedded in paraffin, sectioned and stained with hematoxylin and eosin. Four parameters of pulmonary inflammation were evaluated: peribronchiolitis (inflammatory cell infiltration around the bronchioles), perivasculitis (inflammatory cell infiltration around the small blood vessels), IP (inflammatory cell infiltration and thickening of alveolar walls), and A (cells within the alveolar spaces). Slides were scored blind on a 0-4 severity scale. The scores were subsequently converted to a histopathology scale 0-100%. Virus titers in lung and nose homogenates were determined by plaque assay on Hep-2 cells. RSV neutralizing antibodies were measured by plaque reduction assay on Hep-2 cells infected with RSV/Long and the reciprocal neutralizing antibody titers were determined at the 60% reduction end-point of the virus control using the statistics program "plqrd.manual.entry".
Statistical analysis
Statistical analysis and graphs were made using GraphPad Prism version 5.02 for Windows (GraphPad Software, San Diego, CA, http://www.graphpad. com). As data were not always normally distributed, a two-tailed MannWhitney (nonparametric) test was used to compare two groups. Statistically significant differences are shown as follows: *P = 0.01-0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical analysis was applied to immunological or pathology data when comparing groups vaccinated at the same dose via different routes.
